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Objective: To determine whether quadriceps weakness is associated with elevated risk of worsening knee
pain over 5 years.
Methods: TheMulticenterOsteoarthritis Study (MOST) is a longitudinal studyof 50e79-year-old adultswith
knee osteoarthritis (OA) or known risk factors for knee OA. The predictor variable was baseline isokinetic
quadriceps strength. Covariates included baseline bodymass index (BMI), physical activity level, andhistory
of knee surgery. The outcome was worsening pain reported on the Western Ontario and McMaster Uni-
versities (WOMAC)Osteoarthritis Indexpain subscale orknee replacement surgerybetweenbaseline and5-
year follow-up. Analyses were knee-based and used generalized estimating equations, stratiﬁed by sex to
assesswhether the lowest comparedwith the highest tertile of baseline quadriceps strengthwas associated
with an increased risk of worsening knee pain at 5-year follow-up, controlling for age, BMI, history of knee
surgery, and physical activity level as well as correlation between knees within participants.
Results: Analyses of worsening knee pain included 4,648 knees from 2,404 participants (61% female).
Men with lower quadriceps strength did not have a higher risk of worsening knee pain (RR {95%
CI} ¼ 1.01 {0.78e1.32}, P ¼ 0.9183). However, women in the lowest compared with the highest strength
tertile had a 28% increased risk of worsening knee pain (RR {95% CI} ¼ 1.28 {1.08e1.52}, P ¼ 0.0052).
Conclusion: Quadriceps weakness was associated with an increased risk of worsening of knee pain over 5
years in women, but not in men.
 2013 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.Introduction
Knee pain is the hallmark symptom of knee osteoarthritis (OA)
and the main reason patients seek medical care1e3. According to a
recent report, the prevalence of knee pain among older adults in
the United States has increased by as much as 65% over a span of 20
years in analyses adjusted for age and body mass index (BMI)4.
Despite this considerable increase, causes of knee pain are still
poorly understood.: N.A. Segal, Department of
ad, 4102 Westlawn Building,
Fax: 1-319-353-7017.
segal@uiowa.edu (N.A. Segal).
s Research Society International. PIt is believed that knee pain results from factors that may be
biological and/or psycho-social in origin. Among biological factors,
data suggest that quadriceps muscle weakness may contribute to
worsening of knee pain. Recent investigations have provided evi-
dence that higher quadriceps strength may inhibit worsening of
knee joint structure5,6. However, because knee pain does not al-
ways correlate with radiographic changes, these data do not pro-
vide direct evidence that quadriceps strength protects against
worsening of knee pain. Interventional studies have shown that
exercise may improve knee pain and function7,8, providing indirect
evidence for a relationship between quadriceps muscle strength
and knee pain. One randomized trial of the effects of weight-
bearing and non-weight-bearing exercise on knee pain andublished by Elsevier Ltd. All rights reserved.
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signiﬁcant improvements in WOMAC scores compared with the
control condition9. However, exercise-related improvements in
pain may be due to factors such as improvements in joint range of
motion, or hormonal effects, such as endogenous opioid secretion
both reducing pain and improving mood, even without affecting
strength. This is illustrated by the fact that quadriceps weakness
does not predict incident knee symptoms10, despite strengthening
exercises alleviating knee symptoms7. Moreover, cross-sectional
and longitudinal investigations of the relationship between quad-
riceps strength and knee pain have had mixed results.
In cross-sectional studies, quadriceps weakness has been
consistently associated with knee pain11e13, while longitudinal
studies of individualswith10,14 or at increased risk of14 knee OAhave
not supported an association between quadriceps strength and a
reduced risk of developing knee pain10,14 or a change in knee pain14
approximately 30months later. Likewise, a study of similar duration
also found no association between quadriceps strength and a lon-
gitudinal change in knee pain in individuals with symptomatic knee
OA15. However, thosewith greater baseline quadriceps strength had
less pain at both the baseline and 30-month follow-up visits
compared with those with less strength15. Because this cohort was
made up of individualswith symptomatic kneeOA, it is possible that
the ability to observe a longitudinal change over a 30-month dura-
tion in individuals with knee symptoms was limited.
As the number of older adults is substantially increasing, iden-
tiﬁcation of modiﬁable factors, such as quadriceps strength, that
could mitigate the severity or pace of worsening of knee pain in
older adults could potentially help to reduce the signiﬁcant burden
of subsequent disability. Thus, this study evaluated whether
quadriceps weakness at baseline was longitudinally associated
with an increased risk of worsening of knee pain over 5 years in
older adults with or at increased risk of knee OA.
Methods
Study population
The Multicenter Osteoarthritis Study (MOST) is an National
Institutes of Health (NIH)-funded longitudinal observational study
of 3,026 community-dwellingmenandwomenage50e79withknee
OA or known risk factors for knee OA including age, female sex,
overweight status, andhistory of knee symptoms, knee injury and/or
surgery. Participant enrollment has been previously described16.
Brieﬂy, potential participants were identiﬁed by mass mailings or
advertisements and screened by telephone for eligibility. Potential
participantswere excluded for a historyof (or planned) bilateral knee
replacement, cancer (with the exception of non-melanoma skin
cancer or breast, cervical, colon, prostate, rectal, or uterine cancer
successfully treated with surgery), history of chemotherapy or radi-
ation therapy,historyof rheumatologicdisease, orplan tomoveoutof
the areawithin3years of enrollment. In addition, kneeswithpain too
severe to undergo the strength measurements (n ¼ 702 knees from
414 participants) or kneeswith a history of total knee replacement at
baseline (n¼ 78 knees from 78 participants) were excluded from the
present study. All participants provided written informed consent
using forms approved by the investigators’ institutional review
boards. Participating institutions’ review boards approved this study.
Baseline assessments
Anthropometric measures
BMI(kg/m2) was calculated from baseline weight in kilograms
divided by the square of the height in meters (Stadiometer, Holtain,
Wales, UK), as measured by trained and certiﬁed staff17.Physical activity
The Physical Activity Scale for the Elderly questionnaire (PASE:
New England Research Institute, Watertown, MA) was used for
estimating baseline activity level18e20. The PASE is a validated
questionnaire that evaluates frequency and duration of speciﬁc
leisure time, household and work activities in the past 7 days.
Strength
Isokinetic quadriceps and hamstrings strength for each lower
limbwas measured using a Cybex 350 computerized dynamometer
(HUMAC software version 4.3.2/Cybex 300 for Windows 98, Avo-
cent, Huntsville, AL)16. Certiﬁed examiners completed testing at 60
per second with a chair back angle of 85, using a standardized
protocol to assure uniformity among test sites. Participants
completed three repetitions at 50% effort to become familiar with
the test. After practice trials, four repetitions were completed at
maximum effort and the peak torque (Nm) out of the four repe-
titions was recorded. To reduce potential for pain exacerbation or
injury associated with a maximal eccentric contraction, peak tor-
que was measured concentrically. The equipment was calibrated
monthly according to manufacturer’s guidelines.
Baseline and follow-up assessments
Knee-speciﬁc pain
The Western Ontario and McMaster Universities (WOMAC)
Osteoarthritis Index, a validated instrument widely used in knee
and hip osteoarthritis clinical trials, was completed at baseline and
60months later. The knee pain subscale of theWOMACwas utilized
for the present study. This subscale is comprised of ﬁve items with
responses that range from no (0) to extreme (4) pain with a total
possible score of 20. Participants provided pain scores for each knee
(knee-based score). Higher scores on the WOMAC indicate greater
pain. This study utilized a modiﬁed version of the WOMAC Likert
format 5.0. The modiﬁcation included the addition of a “don’t do”
response for participants unable to rate their pain severity because
they either avoided or were unable to do speciﬁc activities. A “don’t
do” responsewas consideredmissing data. If two ormore questions
were missing from the WOMAC pain subscale, then the pain score
was considered unusable. In addition, the WOMAC question about
climbing up and down stairs was separated into two questions,
with the worst score of the two used for calculating the WOMAC
pain score. If one of the questions about climbing stairs wasmissing
or not answered, then the non-missing answer was used for
calculating the pain score.
Deﬁnition of worsening
This study utilized the Minimal Detectable Change (MDC, 90%
conﬁdence level), a modiﬁcation of the standard error of the
measurement (SEM) formula utilized by Wyrwich et al21. The
MDC90 is a distribution-based approach for determining change
that exceeded the error of the WOMAC instrument at a 90% con-
ﬁdence level, through using the SEM.
For this study, the MDC90 was calculated using the following
formula:
1:65*
ﬃﬃﬃ
2
p
*SEM
where SEM ¼ s*
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1 r
p
:
SEM, the standard error of the measurement, was deﬁned as the
baseline standard deviation (s) of the WOMAC pain subscale in the
study population times the square root of one minus the 14-day
testeretest reliability coefﬁcient for the WOMAC pain subscale in
MOST (r ¼ 0.79). Based on this formula, an increase of greater than
three points was the cut-off for worsening for the pain subscale.
Fig. 1. Participant inclusion diagram. Analyses were knee-based and a participant’s
right and left knees may have differed in eligibility as well as outcome. *Analyses
repeated using imputed WOMAC pain score data for the 620 knees missing baseline or
follow-up WOMAC pain score data.
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ment, the deﬁnition for worseningwas further expanded to include
knee replacement surgery between baseline and 60-month follow-
up. This also enabled inclusion of participants who would other-
wise have missing WOMAC follow-up data and those with baseline
pain scores too high to meet the cut-off for worsening.
Statistical methods
Analyses were performed using SAS software version 9.2 (SAS
Institute Inc., Cary, NC). All analyses were stratiﬁed by sex, due to
differences inbothstrengthandknee symptoms inmenandwomen.
Participant characteristics were summarized with frequencies and
means. Participants were grouped into sex-speciﬁc tertiles of base-
line quadriceps strength to deﬁne cut-offs for higher and lower
strength in this cohort with the highest tertile used to deﬁne higher
strength and the lowest tertile used to deﬁne lower strength. The
potential relationships between baseline quadriceps strength and
worsening of knee pain were assessed using a logistic regression
model adjusted for age, BMI, history of knee surgery, and physical
activity level (PASE) at baseline. Analyses were knee-based and
utilized generalized estimating equations to adjust for correlations
between kneeswithin participants. To avoid selection bias, analyses
were repeated using imputed data for participants missing baseline
and follow-up WOMAC pain scores not due to total knee replace-
ment. These datawere estimatedwith amultiple imputationmodel
using theMarkov ChainMonteCarlo (MCMC)method. This included
620 knees from 320 participants. Missing data were assumed to be
missing at random.
Results
Out of 3,026 participants (6,052 knees) at baseline, two partic-
ipants (four knees) were excluded due to inﬂammatory arthritis, 78
knees from 78 participants were excluded due to history of knee
replacement surgery, one knee was excluded for missing WOMAC
pain score data and 702 knees from 414 participants had missing
strength data due to pain too severe to participate in the strength
measurement (Fig. 1). At follow-up, there were 619 knees with
missing WOMAC pain score data excluded from the analyses. A
total of 4,648 knees from 2,404 participants (61% female) met
eligibility criteria, had complete baseline and follow-up data and
were included in the study. Baseline characteristics are shown in
Table I. At baseline, men and women did not signiﬁcantly differ in
BMI. However, women were slightly older (P ¼ 0.0181) had
signiﬁcantly higher pain scores (P< 0.0001) and signiﬁcantly lower
physical activity levels (P < 0.0001) and strength compared with
men (P < 0.0001). A greater percentage of men had a history of
knee surgery (P < 0.0001). A total of 35.1% of male knees and 37.0%
of female knees had a KL grade 2 at baseline.
There were a total of 1,090 knees from 838 participants (67% fe-
male) that experiencedworsening of knee pain at 60-month follow-
up. This included the 6.3% of male and 8.9% of female knees that
underwent total knee replacement between baseline and 60-month
follow-up. In men, lower compared with higher strength was not
associated with an increased risk of knee pain worsening (RR {95%
CI} ¼ 1.01 {0.78e1.32}, P ¼ 0.9183) (Table II). However, lower
compared with higher baseline quadriceps strength was signiﬁ-
cantly associated with an increased risk of knee pain worsening in
women (RR {95% CI} ¼ 1.28 {1.08e1.52}, P ¼ 0.0052).
Data analyses using imputed data
There were 620 knees with either missing baseline or 60-month
follow-up WOMAC pain scores. This included one knee withmissing baseline data and 619 knees with missing follow-up data
from participants who either attended the 60-month follow-up
visit (n ¼ 315 knees from 172 participants) or were lost to follow-
up (304 knees from 159 participants). Because those missing
follow-up data signiﬁcantly differed from those with complete
data, missing WOMAC pain scores were imputed. Those with
missing 60-month follow-up WOMAC pain scores were similar in
age (P ¼ 0.2348) and knee extensor strength (P ¼ 0.6305), but had
greater baseline knee pain (P < 0.0001), higher BMI’s (P ¼ 0.0010)
and lower physical activity scores (P ¼ 0.0063) compared with
those with complete data. In addition, there were more women
with missing data (P ¼ 0.0010). This brought the total number of
knees included in the analyses from 4,648 knees (2,404 partici-
pants) up to 5,268 knees (2,736 participants). However, results
were similar to those from analyses using only complete data.
There were a total of 444 knees from 339 men and 824 knees
from 631 women that experienced worsening of knee pain at 60-
month follow-up. Results are shown in Table III. In men, lower
compared with higher strength was not associated with an
increased risk of knee pain worsening (RR {95% CI} ¼ 0.99 {0.75e
1.30}, P ¼ 0.9396). Lower compared with higher baseline quadri-
ceps strength was still signiﬁcantly associated with an increased
risk of knee pain worsening in women (RR {95% CI} ¼ 1.23 {1.01e
1.49}, P ¼ 0.0394).
Table I
Baseline characteristics
Participants Age (years) BMI (kg/m2) PASE WOMAC pain Knee surgery (%) Knee extensor strength (Nm)
Men 61.7  8.1 30.5  5.2 207.5  97.2 2.6  3.3 15.2 122.5  42.2
n ¼ 918 participants n ¼ 1,798 knees
Women 62.5  7.8 30.6  6.2 159.1  76.7 3.4  3.7 8.4 67.5  25.1
n ¼ 1,486 participants n ¼ 2,850 knees
Knee surgery ¼ unilateral or bilateral WOMAC pain, knee surgery and knee extensor strength measured by knee.
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This study examined the longitudinal relationship between
quadriceps weakness and worsening knee pain in men and women
with or at increased risk for knee OA. We found that baseline
quadriceps weakness was associated with worsening knee pain at
60-month follow-up inwomen but not men in the MOST cohort. To
our knowledge, this is the largest longitudinal, observational study
to evaluate this relationship.
The effects of quadriceps strength on progression of knee pain in
individuals with knee OA has previously been investigated in lon-
gitudinal studies with different results14,15. Brandt and colleagues
evaluated both incidence and progression of knee pain in 79 in-
dividuals with knee OA over 2.5 years, using the WOMAC pain
subscale and deﬁned progressive pain as an increase in WOMAC
pain score of 15% compared with the baseline score14. With this
different deﬁnition of knee pain progression, quadriceps strength
was not found to be associated with progression of knee pain in this
smaller cohort. Similarly, Amin et al found that baseline quadriceps
strength was not associated with change in VAS knee pain ratings
over 2.5 years in 265 men and women with symptomatic knee
OA15. However, they reported that in comparison with those in the
lowest tertile of strength, those in the highest tertile of strength had
less pain at baseline and that this association with less pain per-
sisted at follow-up.
Differences between the ﬁndings of these studies and those of
our study could be due to the larger sample size in MOST. Our study
also had a longer follow-up duration of 5 rather than 2.5 years,
which may have increased the likelihood that worsening could be
observed. In addition, our cohort was composed of men and
women with or at risk of knee OA as opposed to only those with
knee OA14 or symptomatic knee OA15. The fact that, in the study by
Amin et al., subjects with greater baseline strength had less pain at
both baseline and 30-month follow-up compared with those with
lower baseline strength may support a relationship between
quadriceps strength and knee pain. It is possible that a relationshipTable II
The relationship between baseline quadriceps strength and knee pain worsening at
60-month follow-up adjusted for baseline age, BMI, PASE score, and history of knee
surgery
Sex Number of
knees (% with
progression)
Strength tertile
(Range)
RR (95% CI) P-value
Male 604 (18.0) High (referent)
137.00e270.00
1.00
595 (20.5) Middle
102.00e136.00
1.05 0.82e1.34 0.7082
599 (21.4) Low
20.00e101.00
1.01 0.78e1.32 0.9183
Female 941 (20.5) High (referent)
77.00e206.00
1.00
979 (25.4) Middle
55.00e76.00
1.12 0.96e1.32 0.1545
930 (31.1) Low
20.00e54.00
1.28 1.08e1.52 0.0052with the change in pain was not observed in that study due to the
shorter study duration, the use of VAS rather than WOMAC for
assessment of pain, or the more advanced symptomatic knee OA in
that cohort in comparison with the MOST cohort.
We evaluated whether quadriceps weakness predicts wors-
ening knee pain because the quadriceps muscle is a primary dy-
namic contributor to knee joint stability. Weakness could reduce
shock absorption and neuromuscular control and impair structural
integrity of the knee joint. This may lead to abnormal loading and
subsequent structural pathology associated with knee symptoms,
such as bone marrow lesions or bone attrition22e24. In this study,
we found quadriceps weakness may be a modiﬁable risk factor of
worsening knee pain in women but not in men. Reasons for the
apparent differences between men and women in the role of
quadriceps strength may be related to a certain amount of strength
being necessary to protect the knee from adverse loading. Women
have less strength than men and therefore may start closer to that
threshold, and cross it sooner than men25,26.
Our ﬁndings also may suggest sex-speciﬁc differences in risk
factors for knee pain. Data from other studies have shown greater
prevalence of pain conditions as well as pain sensitivity in women
than men27. This was conﬁrmed in a recent study that evaluated
11,000 patient medical records and found higher pain scores in
women with musculoskeletal disorders compared with men28.
Thus, it is possible that our ﬁnding that quadriceps muscle weak-
ness predicts worsening knee pain in women but not in men may
be due to underlying sex-speciﬁc differences in risk factors for
worsening knee pain.
Several strengths of the current study contributed to advancing
understanding of the relationship between muscle function and
worsening of knee pain. First, to evaluate worsening of knee-
related pain, our study evaluated whether participants met spe-
ciﬁc criteria for worsening, the MDC, rather than mean change in
WOMAC scores from baseline which may have resulted in statis-
tically signiﬁcant ﬁndings simply due to the large sample size21. The
Minimal Clinically Important Difference (MCID), an indicator of the
clinical signiﬁcance of an outcome, could not be utilized becauseTable III
The relationship between baseline quadriceps strength and knee pain worsening at
60-month follow-up adjusted for baseline age, BMI, PASE score, and history of knee
surgery including imputed data from 620 knees
Sex Number of
knees (% with
progression)
Strength tertile
(Range)
RR (95% CI) P-value
Male 709 (19.8) High (referent)
137.00e270.00
1.00
689 (22.1) Middle
102.00e136.00
1.06 0.82e1.37 0.6386
703 (21.6) Low
20.00e101.00
0.99 0.75e1.30 0.9396
Female 1,061 (21.3) High (referent)
77.00e206.00
1.00
1,046 (25.2) Middle
55.00e76.00
1.09 0.90e1.31 0.4012
1,060 (31.5) Low
20.00e54.00
1.23 1.01e1.49 0.0394
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was not administered in MOST. Though an MCID for worsening
WOMAC pain has been reported in the literature, it was not utilized
becauseMCID’s may vary depending on the population under study
as well as the method used for determining it2933. However, the
MDC90 cut-off for worsening in this study represented at least a 15%
change from the maximal possible score of the baseline pain
WOMAC subscale. Participants who met this cut-off were likely to
have experienced worsening because this cut-off was similar to or
exceeded the only reported MCID’s for worsening pain on the
WOMAC instrument in patients with hip or knee OA30,31,34. Further,
inclusion of total knee replacement in our deﬁnition for worsening
pain allowed for inclusion of participants who would have had
missing data at 60-month follow-up due to surgery and those who
had baseline scores too high to worsen. Because worsening of knee
pain may progress slowly35, our study duration of 60 months and
the inclusion of older adults with or at high risk for knee OA pro-
vided the opportunity to observe worsening over a longer duration
and in a wider sample than prior studies. The longitudinal study
design allowed for determination of the temporal relationship be-
tween quadriceps weakness and worsening of knee pain. In addi-
tion, theMOSTcohort is made up of individuals with or at increased
risk of knee OA, so the study ﬁndings are generalizable to this
clinically relevant group, who is most likely to have concerns about
their knees.
Despite these strengths, our ﬁndings should be interpreted in
lightof the following. First, therearepotential limitations in theuseof
the WOMAC to assess pain. The WOMAC only covers certain tasks,
and each question on theWOMAC has the same potential total score
despite representing tasks that may not result in equivalent pain,
such as going down stairs comparedwithwalkingon aﬂat surface. In
addition, if certain activities covered by the WOMAC questionnaire
wereeithernotdoneoravoidedbyparticipants, then these responses
were consideredmissing information in our study. These limitations
of the WOMAC index may hinder the ability to observe a change in
individuals at the severe end of the spectrum,whomayhave avoided
activities associated with pain or that they were no longer able to
perform. However, missing data not due to total knee replacement
were estimated (imputed) for those participants and the results
when including these data (Table III) were similar to the results ob-
tainedwhen those participants were not included (Table II). It is also
possible that our deﬁnition for worsening may have limited the
ability to detect a change in thosewith greater pain at baseline. There
were threeparticipantswithbaselineWOMACpainscores toohigh to
meet the deﬁnition for worsening (three points). These participants
also did not meet the deﬁnition for worsening pain through under-
going total knee replacement surgery by 60-month follow-up.While
the inability to detectworsening pain in these participants could bias
results toward the null, the small number who met this criterion
suggests that this isunlikely tohavebiased the studyﬁndings. Finally,
there may be limitations to the way strength was measured. Iso-
kinetic strength is not necessarily representative of functional
strength. In addition, participantswithpain at baselinemayhavehad
lower strength due to pain inhibition interfering with their ability to
provide full effort for the strength test. It is possible these individuals
were more likely to experience worsening pain.
Conclusion
InMOST, quadriceps weakness was associatedwith an increased
risk of worsening of knee pain over 5 years in women. These
ﬁndings expand on those of smaller studies of shorter duration on
the relationship between quadriceps strength and knee pain and
suggest the possibility of underlying sex-speciﬁc differences in risk
factors for worsening of knee pain.Author contributions
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